A soil pH drop below 5.0 increasingly diminishes plant performance, as Al 3+ and Mn 2+ ions reach toxic levels and interfere with uptake of essential macronutrients [1, 2] . Excess acidity also impairs root growth, because passive proton influx from the apoplast into the cytosol interferes with the proton motive force [2] . Root cells counteract passive proton influx via plasma membrane-localized proton pumps, the PM-H + -ATPases, which normally moderately acidify the rhizosphere in order to solubilize essential nutrients [3] . Optimal extracellular pH typically ranges from 5.5 to 6.5, whereas intracellular neutral pH is very well buffered [9, 10] . Apoplast acidification is supposedly also vital for plant cell elongation and stimulated by the plant hormone auxin (indole-3-acetic acid [IAA] ) [4, 5] . Auxin is a weak acid and partly protonated in lower pH, such as is typical in the apoplast, enabling it to enter cells via passive diffusion [11] . In addition, influx carriers for active auxin uptake exist [12] . In the neutral cytoplasm, auxin is dissociated and thus negatively charged, thereby being trapped inside the cell. From there, it can be redistributed to the apoplast by plasma membrane-localized PIN-FORMED (PIN) auxin efflux carriers. Together, these processes constitute a dynamic system of so-called polar auxin transport (PAT), which is essential for various developmental processes [13] , including root meristem growth in young Arabidopsis seedlings [14, 15] . Root meristem size does not increase in brevis radix (brx) null mutants after germination, resulting in a slow-growing root system that is however not a priori detrimental to fitness [16] .
BRX is a positive regulator of auxin signaling and is required for the transient boost of PAT that is essential for root meristem growth [15] . Downstream effects of auxin signaling on brassinosteroid biosynthesis feed back positively on auxin activity [6, 17, 18] , and brassinosteroid application significantly rescues the brx short-root phenotype [6] . Because brassinosteroid receptors might directly activate plasma membrane proton pumps [19] , we speculated that media that are more acidic than the standard pH 5.7 could mimic the brassinosteroid effect on brx. However, increasingly acidic pH (4.5) rather inhibited root growth of brx null mutants, similar to wild-type. By contrast, to our surprise, neutral to slightly alkaline pH (7.0-8.0) strongly stimulated brx root growth ( Figure 1A ; see also Figure S1A available online).
In combinatorial assays, the brassinosteroid and pH effects were additive in stimulating brx meristem growth ( Figures 1B  and 1C ). In the root meristem, stem cells produce daughter cells that grow and eventually enter a phase of repeated divisions followed by differentiation and elongation [15] . This is easily observed in the cortex, whose meristematic cell number is a reliable proxy for meristem size [14, 15] . A morphological analysis suggests that initially, stem cell daughters are characterized by cellular isotropy with cell length divided by cell width (l/w) z 1.0 ( Figure 1D ). Once they divide repeatedly, l/w drops to z0.5, before it rapidly reaches >1.0 upon elongation. In brx mutants, the frequent division zone (l/w z 0.5) was practically missing (Figure 1E ), consistent with the idea that BRX activity non-cell autonomously delays cellular differentiation [15] . Brassinosteroid treatment mainly stimulated stem cell divisions in brx, which was largely compensated in wildtype ( Figure 1E ). By contrast, growth on neutral pH restored the frequent division zone in brx ( Figure 1F ), as supported by extended cyclin B1 expression ( Figure S1B ). Thus, brassinosteroid and pH treatment act on different levels.
To investigate whether neutral pH restores cell proliferation in brx meristems through impinging on the auxin pathway, we investigated the inverse auxin activity sensor DII-VENUS [20] across a pH range. Consistent with previous findings [15, 21] , DII-VENUS fluorescence indicated lower auxin activity in brx than in wild-type meristems on standard pH 5.7 medium. However, when grown continuously or shifted on neutral to slightly alkaline pH (7.0-8.0), auxin activity increased in brx as well as wild-type meristems (Figure 2A ). Interestingly, brassinosteroid treatment had a similar but less pronounced effect ( Figure S1C ) consistent with reported brassinosteroid stimulation of PAT [22] . Concomitantly, expression of PIN3, PIN4, and the auxin response marker DR5, all of which are auxin-responsive genes that are downregulated in brx [6, 15] , was upregulated ( Figures 2B and S1D ). In summary, these various molecular markers suggest that, along with morphology, neutral pH restores auxin signaling in brx meristems.
To test whether this could be due to increased auxin uptake, we employed the auxin influx carrier mutant auxin-resistant 1 (aux1). aux1 root agravitropism can be rescued by application of the auxin analog 1-naphthalene acetic acid (1-NAA) because compared to IAA, 1-NAA's capacity to enter cells passively via diffusion is higher [12] . However, the extent of rescue decreased on neutral pH and disappeared on slightly alkaline media ( Figure 2C ), consistent with dissociation of 1-NAA at higher pH ( Figure 2D ) and its trapping in the apoplast. This result corroborates the notion that neutral to slightly alkaline pH prevents rather than promotes auxin uptake. well as brx root growth ( Figure 2E ). Therefore, the data suggest that rescue of brx root growth by neutral pH is not due to restoration of potentially impaired auxin uptake. To test whether increased meristematic auxin response on neutral pH is specific to brx or is a general phenomenon, we investigated two dominant mutants with reduced auxin perception, auxin-resistant 2 (axr2) and axr3 [7, 23] . axr2 mutants display only mildly reduced root growth and meristem size and in accordance react to neutral pH like wild-type. By contrast, axr3 roots are highly agravitropic, grow very poorly, and have severely reduced meristem size. Strikingly, neutral pH largely rescued meristem size, but not agravitropism, in axr3 ( Figure 2F ). Again, this significantly restored the cell proliferation zone ( Figure 2G ) and increased cellular auxin activity (which is lower in axr3 than in wild-type on standard media, similar to brx) ( Figure 2H ). Collectively, the data suggest that media pH modulates auxin activity in the root meristem independent of auxin uptake, to the extent that it can override strong suppression of auxin signaling as conferred by axr3.
Considering that root meristem characteristics of wild-type resemble brx when grown on overly acidic media, whereas brx resembles wild-type when grown on neutral media, brx root growth seems to have a shifted pH optimum. This could reflect altered proton pump activity, because treatment with increasing concentrations of the proton pump activator fusicoccin [24] strongly impaired wild-type root growth whereas brx roots were practically insensitive ( Figure 3A) . To test the notion that proton pumps might be hyperactive in brx, we transferred an equal number of young seedlings into a small amount of liquid medium with pH indicator. Within a few hours, the seedlings acidified the medium, which was more pronounced for brx than for wild-type ( Figure 3B ). In refined assays, seedlings grown on meshes for easy transfer were floated on liquid medium, which thus was only in contact with the roots. This assay confirmed increased media acidification by brx roots ( Figure 3C) . A time course revealed that this effect was much more prominent when roots were transferred onto standard pH 5.7 than it was for near neutral pH 6.7 ( Figures 3D and 3E) , consistent with the short-root phenotype rescue on neutral pH. Finally, whereas treatment with increasing concentrations of the proton pump inhibitor dicyclohexylcarbodiimide [25] progressively suppresses root growth in wild-type, it stimulated root growth in brx ( Figure 3F ). Together, these data suggest that proton pumps are hyperactive in brx roots in standard conditions and also propose an explanation for the non-cell-autonomous effects of BRX [15] .
Considering that root systems counteract detrimental passive proton influx through increased proton pumping into the apoplast [3] , we speculated that brx mutants might fare better than wild-type in low pH. Indeed, when transferred ( Figure 4A ) or germinated ( Figure 4B ) on pH 4.5, brx mutants displayed more robust growth than wild-type. Quantitatively, this manifested as a lower proportion of bleaching and growth arrest ( Figures 4C, 4D , and S1E). Interestingly, salt resistance is also thought to depend on increased proton pump activity [26] . For instance, a hypomorphic Arabidopsis proton pump mutant is overly sensitive to salt stress, whereas plants expressing a constitutively active proton pump are resistant [27, 28] . Consistent with this, when exposed to salt stress either after transfer ( Figure 4E ) or from germination onward ( Figure 4F ), brx mutants again grew markedly better than wild-type. The better relative performance of brx mutants in overly acidic conditions was confirmed by their increased fitness in terms of end-of-life-cycle silique and seed number on acidic soil as compared to wild-type ( Figures  4G and 4H) . We followed up on the notion that this might be relevant in the wild, because the Uk-1 accession, in which the first brx loss-of-function allele was identified, had been collected from an acidic site [8] . In a targeted natural variation approach, we took advantage of recently collected Iberian Arabidopsis populations from well-documented sites [29] , which were intersected with available soil pH data ( Figure S1F ) [30] . Fourteen accessions from neutral to slightly alkaline sites and thirteen accessions from acidic sites were selected for analysis (Table S1 ). Among them, one accession from an acidic site, Gue-0, displays a root phenotype and physiological characteristics similar to brx mutants ( Figures 4I and S1G) . Sequencing of the BRX gene from this accession revealed a homozygous A-to-T mutation that results in a premature stop codon (K188*), giving rise to a brx null allele ( Figure 4J ). The same allele was subsequently found in another accession from this site, Gue-2. The finding that all brx null mutant strains display the pH response (Figures S1A and S1G) suggests that brx null mutations could contribute to root adaptation to acidic soil in the wild. This does not exclude that additional loci and mechanisms in those accessions could be involved in this trait. For instance, loci promoting Al 3+ detoxification would be good candidates and could be mapped in future quantitative trait locus analyses. In summary, the existence of brx loss-of-function alleles independently generated and maintained in nature under similar soil pH conditions supports the notion that BRX genetic variation contributes to root system adaptation to acidic soil conditions in nature, a finding that might be exploited for crop breeding.
Experimental Procedures
Molecular biology and genetics experiments, such as genomic DNA isolation, genotyping, or sequencing, were performed according to standard procedures as described previously [6, 15] .
Plant Materials
The Arabidopsis mutants and transgenic lines used in this study have been described previously: 
Media Preparation and Growth Conditions
In all experiments (except media acidification assays; see below), halfstrength Murashige and Skoog (MS) medium supplemented with 1% sucrose and 0.7% plant agar (Sigma) was used. Media pH was adjusted with KOH or HCl before adding agar and autoclaving. Note that agar is basic and slightly changes the final pH of the media, but throughout the text, pH values correspond to pH adjusted before adding agar and autoclaving (except for Figures 4A and 4B , where the indicated pH corresponds to pH measured just before pouring the media in magenta boxes). The Arabidopsis accessions screen and the acidic and salt stress condition experiments were performed in long-day conditions (16 hr light, 8 hr dark); all other experiments were performed in continuous light. For treatments, the following hormones and chemicals were used: brassinolide (Wako Chemicals), 1-naphthalene acetic acid (1-NAA, Sigma), 2-naphthalene acetic acid (2-NAA, Sigma), indole-3-acetic acid (IAA, Sigma), dicyclohexylcarbodiimide (Sigma), and fusicoccin (Santa Cruz Biotechnology).
Root Length Measurements
To determine root lengths, seedlings were grown on vertically oriented plates, which were scanned on a flatbed scanner to produce image files suitable for quantitative analysis using ImageJ software (v1.44p).
Microscopy
For confocal microscopy, plants were germinated and grown on solid media before analysis using a Zeiss LSM 700 confocal laser scanning microscope. Cell walls were visualized by propidium iodide staining on slides. All images were taken with an offset of less than 5%. Treatments of b-glucuronidase (GUS) reporter lines were performed by transferring seedlings from solid media to liquid half-strength MS of adjusted pH. GUS staining and light microscopy were performed according to standard procedures using a Leica DM5000B compound microscope. All images shown or analyzed within one experiment were taken at identical settings. Note that our l/w analysis ( Figures 1D-1F , 2G, and S1B) is not meant to indicate that there is a one-to-one correspondence between cell proliferation behavior and cell shape.
Media Acidification Assays
To monitor media acidification by seedling roots, 30 seeds were stratified for 3 days at 4 C in water and then sown onto small round (1 cm diameter) sterile meshes, which were placed on half-strength solid MS medium of pH 5.7. At 3 days after germination, when Col-0 and brx-2 still have similar root length, the meshes with seedlings were transferred to float on half-strength liquid MS medium (without sucrose and MES buffer) using 24-well plates. Only the roots were in contact with the media, which contained a 0.15 mM concentration of one of two pH indicators used for monitoring different pH ranges: bromocresol purple (BCP, Sigma), with a sensitivity range of pH 5.2-6.8 ( Figures 3A-3D) , and bromocresol green (BCG, Sigma), with a sensitivity range of pH 3.8-5.4 ( Figure 3E ). pH was adjusted with KOH, and standards of known pH were prepared in the same way. All media and standards were sterilized by filtering. Acidification of media was proportional to the volume of media in which assays were performed; typically 1 ml was used. In the time-course experiment ( Figures 3D and 3E) , pH measurements were performed at 6, 12, and 24 hr by sampling 50 ml of medium and measuring absorbance for BCP (at 430 and 590 nm) and BCG (at 439 and 616 nm) in a NanoDrop 1000 spectrophotometer. Media acidification was calculated from standard curves established for BCP and BCG. Table S1 ) on different pH. (J) Location of the novel brx loss-of-function mutation identified in the Gue-0 and Gue-2 accessions. All error bars represent standard error. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001. Scale bars represent 1 cm.
Fitness Assays on Soils with Different pH
Col-0 and brx-2 seeds were sown in a grid-like design on trays with soil of original pH 5.6 (control) or 4.5 (treatment) at a density of 24 plants per tray. Seeds were then stratified for 3 days at 4 C before being moved into long-day conditions. A strict water regime was applied, in which both control and treated plants were watered for the first two times with osmosis-filtered water. Afterward, low pH in acidic soil was maintained by watering with a solution of 5 g/l of ''Hortensienblau'' (Gesal, Allschwil, Switzerland). Trays were always watered simultaneously from below (through collecting trays) with 1.6 l. At the end of the life cycle (i.e., cessation of flower formation and start of senescence), plants were harvested and total silique number was counted. The final soil pH was measured by dissolving 5 g of soil in 30 ml of distilled water, filtering, and measuring pH with a pH meter.
Soil pH Map Analysis
The map of soil pH in Europe was provided by the Land Management and Natural Hazards Unit, Institute for Environment and Sustainability, European Commission Joint Research Centre [30] . The coordinates of the accession sampling sites were intersected with the soil pH map by using ArcGIS for Desktop software (trial version 10).
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